Monitoring steering-wheel movements is a well-documented method of detecting driver fatigue and drowsiness. Current methods for monitoring steering-wheel movements are prohibitive for daily use owing to the high costs of implementation and the necessity for complex modifications to be made to accommodate the new setup. These limitations have confined potentially lifesaving drowsiness detection methods based on steering-wheel movements to laboratory and simulator settings. A new method was proposed in this study, which employed a triaxial accelerometer to provide a cost-effective, easy, and efficacious way to monitor steering-wheel movements without requiring any modifications to the existing vehicle setup. Simulations and experimental results showed that the accelerometer-measured rotation angles of the steering wheel were linearly correlated with the actual rotation angles of the steering wheel registered by the potentiometer (R 2 ' 1; p \ 0.001) and that the steering-wheel movements recorded were also strongly correlated with the actual steering-wheel rotation. The excellent agreement between the accelerometer-estimated steeringwheel rotation and the actual steering-wheel rotation suggests that accelerometers can be a useful tool to monitor the steering-wheel movements for the detection of drowsy driving. Because of its cost-effective nature, the proposed method could help to proliferate the practical deployment of individual drowsy detection.
Introduction
The National Highway Traffic Safety Administration (NHTSA) estimates that drowsy and fatigued drivers are responsible for about 1200 deaths and 76,000 injuries every year. 1 Some drivers operate motor vehicles without having sufficient sleep, resulting in drowsy driving. 2 Other drowsy drivers were initially alert, but their awareness deteriorated with prolonged driving. 3 Prolonging wakefulness has been shown to be just as dangerous to driver safety as alcohol intoxication. 4 14.5% of respondents polled in Ontario, Canada, admitted to having fallen asleep or nodded off while driving. 5 Many methods have been proposed for the detection of drowsy or fatigued driving. Slow eye movement is a physical change that has been investigated as an indicator of the onset of fatigue. Research suggests that an individual's eye speed is usually fairly rapid in response to external visual stimuli. 6 Using electrooculography (EOG), Shin et al. 6 determined the threshold parameters for sleep onset in vehicle drivers. EOG is the process of measuring eye movements by attaching electrodes to the skin surrounding the eye. The threshold parameters were determined by the degree of eye movement and the rate of degrees moved per second. A reduced speed in the eye movement therefore suggests that the individual responds less rapidly to stimuli.
closure seen as an important indicator of drowsiness, but also the duration of the closure suggests the degree of fatigue. Closures lasting for more than half a second are especially strong indicators of sleepiness. 8 The percentage of eyelid closure (PERCLOS) over a time interval has also been used as a method to detect drowsiness. 9 Eye-closure-monitoring methods can be ineffective if the driver is wearing eyeglasses. 10 If the driver looks down or around, there might be false positive readings of eye closure activities. 11 Lane tracking has been used to detect behavioral cues of drowsy driving because fatigued drivers are more likely to deviate from their lane, as suggested by Yabuta et al. 12 In experimental setups, it was demonstrated that drowsy drivers tend to run over experimental rumble strips which are placed alongside the lanes and down the center-line. 13 Because roads cannot realistically be expected always to match researcher models, it will be difficult to measure drowsiness accurately. Roads can be irregular or marked differently from expected, rendering lane detection algorithms ineffective. Snow, rain, and dust can also obstruct a clear view of lane markings. The potential for a large amount of false positives can make drivers mistrust alarms based on lane position tracking. 14 
Another indicator of drowsiness used by researchers is the electroencephalogram (EEG). This involves hav-
ing signals recorded from the human scalp and translating them into states of cognition. Being able to detect signals directly from the brain is the most important physiological indicator of the central nervous system activation and alertness. 15 The human brain gives off a series of EEG frequencies including delta waves, theta waves, alpha waves, and beta waves. 16 Beta waves range from 13 Hz to 20 Hz and show rapid alert mental activity. From a beta state down to a theta state, there are increasing amounts of drowsiness, with theta being slow sleep. Alpha-wave activity actually increases during periods of drowsiness. Researchers such as Huang et al. 17 have used lower-frequency EEG signals as an indicator of drowsiness. EEG is not a practical measure of drowsiness outside laboratory settings because of the complexity of the setup and the non-portability of the equipment.
In terms of visual observation, Wierwille and Ellsworth 18 determined, by physical inspection, that a keen eye could actually look at video images of a driver's face and determine when they are drowsy and when they are alert. This is an impractical measure for the obvious reason that a driver would require another person to monitor drowsiness throughout all driving sessions.
The relationship between the steering-wheel rotation and the level of awareness of motor vehicle drivers has been well documented. Researchers have consistently seen a correlation between a driver's intervals of steering adjustments to their level of drowsiness. 19, 20 Not only does the regularity of input decrease in drowsy drivers but also, when it does occur, it is large and sudden. 21, 22 Steering inputs in fatigued drivers are shown to have fewer microcorrections and more macrocorrections, with sleeping drivers making no corrections. 12, 23, 24 It has been demonstrated that the majority of sampled drivers tend to show an increasing trend towards faster and larger steering corrections as they become drowsy. 21 Researchers have used several methods to monitor steering-wheel movements (SWMs). Sayed and Eskandarian 25 measured SWMs using equipment built into complex vehicle simulators. This approach is cost prohibitive to the average user and excessive for users requiring only SWM monitoring without extra options. Thiffault and Bergeron 21 placed potentiometers along the axis of the steering column to measure the turn angle. This requires users to have the technical knowledge and dexterity to install a potentiometer into the steering column of their vehicle or vehicle simulator. It also requires the dismantling of the current setup to install the potentiometer.
Given that these methods of monitoring SWMs are prohibitive to the average vehicle operator, there is delay in the feasibility of personal drowsiness monitoring based on SWM monitoring despite the welldocumented applicability of SWMs in drowsiness detection and the potential for decreased highway fatalities. In this study, an accelerometer-based approach to monitor the SWMs is proposed. The implementation of the accelerometer for SWM monitoring requires a minimal setup that is easy to install and uninstall. The only requirement is that the accelerometer is affixed to any surface of the steering wheel that is perpendicular to the axis of the steering column.
Lo¨tters et al. 26 explored the use of accelerometers to measure the static acceleration due to gravity and the rotation angles relative to the gravity vector. This measurement of the static acceleration is necessary for the proposed accelerometer-based approach to SWM monitoring. Several researchers have also described the use of accelerometers to measure of the tilt angle. [27] [28] [29] Tilt sensors have been used for monitoring head motions and translating them into computer mouse movements, such as the magnetoresistive tilt sensor used by Chen. 30 Gutie´rrez et al. 31 used a vertically aligned dual-axis accelerometer to measure the rotation of the vehicle wheel in order to measure the distance travelled through calculations based on the detected speed This accelerometer had a successful operational range of up to 40 km/h. These approaches have demonstrated the feasibility of using accelerometers as tilt sensors and the merits of using tilt sensors as angular motion detectors.
It has yet to be demonstrated that full-range steering-wheel monitors are possible using triaxial accelerometers.
An algorithm was developed in this study for monitoring SWMs which compensates for the accelerometer's inability to process any data of its own. If an accelerometer is placed on a wheel with no specific method, it would merely yield output voltages which in themselves, without interpretation, have little meaning. The voltages would change as the accelerometer experienced motions, shocks, and vibrations, but nowhere would there be monitoring and real-time recording of the SWMs, the turn angles, the rates of turn, the decreasing levels of microcorrections, the increasing trends of sudden corrective actions, and, most importantly, the levels of driver drowsiness. The developed algorithm goes beyond the limitations of the accelerometer and its common uses and makes it a highly accurate drowsiness detector using SWM methods.
This study was conducted by formulating the theoretical algorithms and then testing the results in various settings. A linear potentiometer was used in the steering column to measure the SWMs and the turn angles for comparison against the accelerometer. The combined setup was used to monitor the SWMs over an extended period of time and the results recorded. It was then subjected to rapid and sudden turns to measure its accuracy and efficacy at monitoring high-speed turns, which are a necessary measure for high-level fatigue monitoring. Finally, a subject was asked to perform simulated driving tasks as a preliminary feasibility test. Slow eye closure events were used to determine the onset of drowsiness; next fatigue-based SWMs were observed and recorded by the accelerometer and potentiometer and then compared.
The necessity for a practical and inexpensive means of drowsy-driving monitoring are especially pertinent as demonstrated by the consistently high annual figures on drowsy-driving fatalities year after year. The proposed method provides a simple and cost-effective means to deploy a well-documented method of drowsydriving detection by SWMs which hitherto has remained within the positive results of numerous successful driving trials but has yet never proliferated widely into the automobile industry where it has the potential to save lives. The proposed method not only provides for the implementation of drowsy-driving monitoring on newly manufactured vehicles but also, because of its non-intrusive nature, allows retrofitting on older vehicles and current model vehicles which on average continue to be manufactured with no drowsydriving detection mechanisms.
Material and method
The basic concept and algorithm to calculate SWMs
The theoretical base of the operation is described in Appendix 1 of this paper.
Based on the analysis described in Appendix 1, an algorithm was developed to calculate the rotation angle of the steering wheel by using the trigonometric relationship between the accelerometer readings A x and A y for the X axis and Y axis respectively, as shown in Figure 1 (a), in which the Y axis of the accelerometer was always 90°physically advanced from the X axis. The rotation angle of the steering wheel was calculated from
whereû indicates the SWMs which are being estimated from the accelerometer readings of A x and A y . The steering wheel had an inclination angle a with the horizontal plane, as shown in Figure 1 (b). The calculation of the steering wheel's rotation angleû using equation (1) was ambiguous within the angle range from 0°to 360°. For example, atû ¼ arctanð1=0Þ, the results would be either 90°or -90°. A compensatory 180°was added to the calculated values when the steering wheel rotated between 90°and 270°, while 360°was added to all rotation angles between 270°and 360°. The compensations are shown in Table 1 . The system set-up and the mapping of the accelerometer's rotation angle to the SWMs
The steering wheel was sectioned into four quadrants with the wheel axes Y w and X w respectively parallel and perpendicular to the gravity vector ( Figure 2 ). The focus was primarily on the upper two quadrants of the steering wheel.
The steering wheel used to gather data was the Top Drive GT (Logic3, Watford, Hertfordshire, England). The voltage readings V p were taken directly from the potentiometer which was in series with the steering column and directly attached to it, providing a 1:1 capture of all rotations. These voltages constitute the potentiometer readings referenced throughout the rest of this article. The steering wheel also included gas and brake pedals and an automatic transmission.
The voltage levels V p were recorded from the linear potentiometer at the following rotation angles of the steering wheel: u w = 90°, 0°and -90°. These voltages were divided linearly into 90 parts per quadrant, for a total of 181 data points. Each voltage data point was then assigned its corresponding angle -90°and 90°. By this method, the linear potentiometer was used to monitor the SWMs indicated by u w .
In order to use a three-axis accelerometer to monitor the SWMs, the X and Y axes were affixed on the surface plane of the steering wheel such that the X axis was parallel to the X w axis, while the Y axis was parallel to the Y w axis (Figure 2 ). In this configuration,û was always equal to u w regardless of the actual location on the wheel surface where the accelerometer was placed. A triaxial accelerometer ADXL335 (Analog Devices, Norwood, Massachusetts, USA) was used in this study. The supply voltage V s to the ADXL335 was 3.234 V, and the bias voltage V bias was 1.620 V, approximately half of V s . At this power supply setting, the sensitivity S of the accelerometer was 323.4 mV/g.
Simulator driving tasks were performed using the Euro Truck Simulator 2 software (SCS Software, Prague, Czech Republic). For monitoring eye closure activities, an Emerson Go Action Camera (Funai, Osaka, Japan) was used.
Data collection and analysis
The measured accelerometer data were passed through a 5 Hz sixth-order low-pass Butterworth filter to remove the high-frequency noise and vibrations in the sensitive accelerometer, thereby limiting its operations to a tilt sensor within feasible human motion ranges. The accelerometer data as well as the linear potentiometer data were collected using a National Instruments USB-6008 digital-to-analogue converter (DAC) (National Instruments, Austin, Texas, USA).
Data were analyzed using MATLAB. For statistical analysis, the linearity between the potentiometer output and the accelerometer output was determined through linear regression where the steering wheel's rotation angle u w (measured by the potentiometer) was the explanatory variable. Linear curve fittings were applied to the data in order to record their slopes and y intercepts. p values were recorded at a = 0.05, and the R 2 coefficients of the accelerometer-potentiometer linear fit were also recorded, as well as the Pearson linear correlation coefficients. Figure 2 . The accelerometer was placed on the wheel such that the Y axis was parallel to the Y w axis and the X axis was parallel to the X w axis. When the wheel is centered,û = u w = 0°. The correlations between the potentiometermeasured SWM signals and the accelerometerestimated SWM signals during simulations and steering tasks were determined using the cross-correlation function of the MATLAB signal-processing toolbox.
Testing
Calibration test: characterizing the relationship between u w and V p
The assigned steering-wheel angles u w and their potentiometer voltages V p were calibrated. The relationship was fitted with a characterization equation to assist all further conversions between the potentiometer voltage and the rotation angle, and vice versa.
Test 1: correlation between u w andû Test 1 consisted of two parts, namely part A and part B.
Part A: correlation between u w andû at a = 45°. The steering wheel with the accelerometer mounted was rotated very slowly clockwise from u w = 90°to u w = -90°w hile data were being recorded from the three axes of the accelerometer as well as from the linear potentiometer. The inclination angle a = 45°. For each rotation angle a of the steering wheel recorded by the potentiometer, its corresponding voltage and accelerometer-estimated rotation angleû were recorded. This test was performed 10 times, and the results were checked for consistency. Data were collected at 1200 samples/s. This test was intended to establish linearity between the SWMs measured by the potentiometer (u w ) and the SWMs estimated by the accelerometer (û).
Part B: correlation between u w andû during imitation drive patterns. After linearity had been established between the potentiometer readings and the accelerometer readings in part A, SWM activities were performed, which were intended to mimic driving patterns. These movements consisted of clockwise and anti-clockwise steering-wheel rotations in no fixed pattern. The goal of this test was to compare u w andû during SWM patterns.
Test 2: robustness ofû measurements at different inclination angles a
The steering wheel was tilted to an inclination angle a = 23°and then a = 67°, as depicted in Figure 1(b) . For each new inclination angle, test 1 was repeated. The SWMs recorded by the linear potentiometer (u w ) was compared with the SWMs estimated by the accelerometer (û) for each inclination angle. This was a versatility test intended to establish that linearity remains between u w andû at various inclination angles a found on steering wheels.
Test 3: effects of the SWM speed on the readings ofû
In order to test the efficacy of this method in the event of sudden drowsiness-induced SWMs, sharp and sudden rotations were performed by manual input to the steering wheel. u w andû were recorded. This was intended to be an endurance test to ensure that the accelerometer was able to keep up with sharp and sudden changes in the rotation angle, while still maintaining accuracy and efficacy.
Test 4: robustness in a realistic simulation environment
To test practicality and efficacy in real-world situations, a participant was recruited to perform driving tasks in a simulator environment. The participant was asked to perform highway driving during the mid-afternoon drowsiness period described by Stutts et al. 32 The participant's eye was monitored for slow eye closure events. Slow eye closure events were defined as eye closures which were slower than blinks and lasted longer than blinks. u w andû data were recorded during this period.
Results

Calibration task: calibration of the potentiometer readings with the steering-wheel angles
The potentiometer voltages were plotted versus their assigned steering-wheel angles. The relationship was fitted with the characterization equation u w ¼ À93:409V p þ 177:400, where u w was the rotation angle of the steering wheel in degrees and V p was the potentiometer voltage in volts. This characterization equation was then used for all further conversions between the potentiometer voltage and the rotation angle, and vice versa.
Test 1: correlation between u w andû at the inclination angle a = 45°C orrelation between u w andû. This describes the results of the data collected from part A of test 1. The measured triaxial accelerometer readings A x , A y and A z were plotted versus the steering-wheel angle u w in Figure 3(a) .
The accelerometer-estimated SWMs from the 10 slow turns, calculated fromû ¼ arctan A x A y À Á , was plotted against the potentiometer-measured SWMs, indicated by u w , in Figure 3(b) . The results in Figure 3(b) show a high linearity of R 2 = 1 and a slope of 0.998. The high correlation between the potentiometer-measured and accelerometer-estimated SWMs are listed in the row for a = 45°in Table 2 with more detailed values.
Correlation between u w andû during imitation drive patterns. This describes the results of the data collected from part B of test 1. In this test, the continuous changes in steering-wheel rotations with time during simulations yielded the highly correlated overlaid plot seen in Figure 3(c) . The cross-correlation coefficient between the potentiometer-measuredû and the accelerometer-estimated u w in this case was 1.000.
Test 2: robustness ofû measurements at different inclination angles a
The results obtained from three different inclination angles yielded highly linear relationships between the potentiometer-measured SWMs and the accelerometerestimated SWMs at the various tilt angles. As shown in Table 2 ,û was always highly correlated to u w despite the different inclination angles.
By comparing the 181 data points from each of the three angles of inclination tested (23°, 45°, and 67°), it was seen that, although the values of A x and A y were proportionally reduced relative to their inclination to gravity, the values ofû estimated were always approximately the same for all three values of a for any given u w . Figure 4 shows the values of A x and A y at several typical rotation angles u w with the three inclination angles a. By comparing the estimated anglesû with all the measured angles u w , it was proven that, at all three inclination angles a,û remained very strongly correlated to u w regardless of the inclination.
Test 3: effects of the SWM speed on the readings ofû
Test 3 involved sudden turns. The accelerometer was capable of keeping up with even the most sudden SWMs that were tested. The complete battery of more than 20 sudden rotations yielded a signal cross-correlation coefficient of 0.999 between u w andû. A small section of this test is shown in Figure 5 (a).
To plot Figure 5 (a) as well as Figure 5 (b) described below, the potentiometer calibration equation calculated in the calibration task was used to convert the potentiometer voltage recorded from its DAC channel directly to u w . Over the same sample period, equation (1) was used to convert readings collected from the accelerometer's DAC channels directly toû. u w andû were then overlayed in the resulting plots. When the readings were focused in to analyze a single steep turn, as shown in Figure 5(b) , there was a change in u w of Du w = 42.76°over a period Ds = 66.67 ms. Over the same time period, the DAC recorded a change in the accelerometer angle reading of Dû= 42.68°. This gave us recorded turn rates of 641.45 deg/s for u w and 640.18 deg/s forû. These are both very sharp turns, almost impossible for a human driver to make under normal safe driving circumstances.
Test 4: robustness of measurements in a realistic simulation environment
Test 4 involved simulated driving. The participant involved in simulator testing performed highway driving until slow eye closure events were observed. Three slow eye closure events were observed within 18 s. 2 s after the last eye closure event, the participant deviated from the driving lane and made sudden corrective swerve motions upon this realization until lane keeping was eventually re-established.
The sudden corrective swerve motions are seen in Figure 6 (a). The analyzed motion shown in Figure 6 
Discussion and conclusions
This study demonstrated that a simple triaxial accelerometer can be used to monitor SWMs accurately for drowsy-driving activities including sudden corrections and wide-angle corrections. The efficacy of the method was confirmed by comparing the accelerometer's SWM estimates with the actual SWM readings taken from the steering-wheel's potentiometer. The method was tested for efficacy at various inclination angles without a resulting loss of accuracy. The described method allows inexpensive drowsiness detection without complex equipment or major modifications to the current steering system. The findings of this study demonstrate a novel method which offers an easy and practical way to deploy individual drowsy-driving monitoring. This method does not require extensive modifications to existing vehicle setups. The high affordability of this accelerometer-based method also improves the feasibility of wide-scale deployment. The results are especially important because many individual researchers as well as federal regulators have invested large amounts of time and manpower to stem the thousands of highway fatalities and injuries which occur worldwide each year as a result of drowsy driving. Although these efforts have yielded reliable methods such as SWMs, which has been touted by researchers and government agencies as potential lifesavers, there has still been no widespread practical means to apply this method. As a result, the vast majority of highway vehicles continue to operate without drowsy-driving detection mechanisms, and thousands of fatalities and injuries continue to occur annually. With this method, the well-documented SWM method of drowsy-driving detection can be applied to curb highway accidents and deaths with minimal cost to drivers and car manufacturers.
Accelerometer noise
The use of an accelerometer to monitor SWMs is a very effective, cheap, and versatile method. However, as with other methods, there are limitations. Figure 5(a) shows 'ears' on the signal gathered by the accelerometer, in comparison with the smoother turn shown by the potentiometer. This resulted from a controlled sudden turn. During the turn, the accelerometer picked up motion-based accelerations and decelerations. These motion-based accelerations and decelerations are different from the static accelerations due to gravity which the tilt sensor is based upon and are considered noise within this application.
A low-pass filter was used to attenuate the highfrequency spikes which resulted from non-gravityrelated accelerations. The filter also helped to attenuate the recording of vibrations and shakes which can be found in vehicles, while keeping the tilt sensor functions active and preserving monitoring of SWM activities. In this study, a 5 Hz low-pass filter was chosen to monitor SWM activities because SWM activities were not realistically expected to exceed 5 rotation cycles/s. This value can easily be adjusted up or down to fit more specific needs or driving conditions. The balance must be made between feasible SWM speeds and the present noises.
As expected, the potentiometer did not measure any motion-based accelerations, just angular rotations. Its signal is clear of the related spikes.
Although most of the vibrations encountered by vehicles fall within frequency bands that can easily be filtered out by the low-pass filter, certain vibrations such as those due to motion-based accelerations within a vehicle's suspension system possess sufficiently low frequencies to encroach upon the filter's low-pass band. Vibrations due to engine shake, general vehicle body bending or torsion, and bending of the driveline will be sufficiently attenuated by a low-pass filter since these vibrations contain frequency components within the range 33 11-100 Hz. Vibrations from the suspension systems and wheels, however, have a frequency range 33 0.5-2 Hz. When these low-frequency vibrations do occur, they can potentially intrude upon the frequency range of steering signals. The application of triaxial accelerometers in the monitoring of SWMs was tested in a vehicle simulator setting. Because low-frequency motion-based accelerations of the suspension system could potentially encroach into the filter's pass band, upcoming future work is expected to investigate methods first to identify and then to attenuate these noises to improve practical outcomes.
Slight variations between u w andû
The slight variations between the turn rates recorded by the potentiometer and accelerometer were due to sampling noises or tiny linear acceleration spikes from the motion (as opposed to static acceleration used in tilt measurements) which had made it past the low-pass filter. The variations between u w andû could also be partly due to the inadequate sensitivity of the accelerometer. A higher-sensitivity accelerometer will give finer and more specific readings over small rotations, rather than a more stepwise change in readings as seen in lower-sensitivity accelerometers. Stepwise changes mean that the values must reach a threshold before the next reading and might continue to read slightly lower or slightly higher than the actual value until the next threshold point. Overall, the accelerometer readings maintained a high accuracy, even during sudden movements.
Accelerometer mount point
While the accelerometer can be mounted on any surface of the steering wheel perpendicular to the axis of the steering column, the location should be chosen carefully to reduce noise, vibration, excessive g values, and/or motion-based accelerations due to wide rotational arcs. For example, an accelerometer placed at the extremities of the steering wheel will experience wider rotational arcs, which might make it more susceptible to picking up linear motion-based accelerations. An accelerometer placed in the center of the steering wheel would experience few artefacts but might be inconveniently placed if it interferes with the safety mechanisms of the vehicle. A balance has always to be made by the operator to determine the best mount point.
Rotations beyond 360°M
ost steering wheels rotate through more than 360°. This effect can be compensated for through the use of predictive readings. Whatever device reads the accelerometer's output can integrate a tiny microcontroller to adjust for this. If 361-720°is the base case, any measurements beyond a full counterclockwise rotation should adaptively read between 0°and 360°, and any measurements beyond a full clockwise rotation should adaptively read between 721°and 1080°.
Road angles
If a vehicle in the course of accelerometer-based SWM monitoring encounters an undulating road with ascending and descending gradients, no adjustments are necessary. As depicted in Figure 4 , the calculatedû was always approximately the same for every given u w regardless of the inclination angle a.
The magnitude of accelerations measured in the x-y plane equals 1 when the steering wheel is vertical (i.e. ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi ffi
. For all other inclination angles above or below a = 90°, the x-y plane magnitude is proportionally lower than 1 but always yields the same angleû relative to the rotation angle u w of the steering wheel. The rest of the magnitude is lost to A z , which in turn reflects the inclination angle.
If the steering wheel which is being monitored for SWMs has a very small inclination angle, the values of A x and A y would become very close to 0. At this point, reading rotation angles might become unreliable. Fortunately, most steering wheels do not have this problem.
In the event that this method of SWM monitoring is used on banked roads, the bank angle of the road will be read in the tilt angle of the accelerometer and give small errors in the angle estimation. This error due to the bank angle may not be significant when monitoring SWMs for drowsy-driving detection. Furthermore, this can be easily compensated for through the use of a reference accelerometer. A reference accelerometer in this case is a static calibrated accelerometer which has its Y axis vertical and aligned with the gravity vector g. Any turn angle measured across the reference accelerometer is subtracted from the steering wheel's accelerometer to compensate for the bank angle, thus restoring accuracy to the readings.
Tilt sensor versus accelerometer versus gyroscope
Tilt sensors detect the tilt angle of an object as the name implies. For monitoring SWMs in the proposed method, an accelerometer was used as a tilt sensor. Because the accelerometer is always subjected to the acceleration g due to gravity, even when it appears to be at 'rest', the effects of gravity can always be detected on each of the accelerometer's three sensing axes. Accordingly, any accelerometer with a range of at least 61g can theoretically be used as a tilt sensor relative to the horizontal plane in the presence of the Earth's gravitational field.
Gyroscopes can also be used to derive information about the orientation of the steering wheel. Once a gyroscope rotor is spinning, it tends to maintain its axis of rotation. This can be used to determine its relative orientation. A triaxial gyroscope outputs three values, which indicate the rate of change in the angle for each axis, usually in degrees per second. These values can then be used to determine the motion of the steering wheel relative to its original position where the rotor first started to spin. By knowing the previous triaxial position and then adding the rate of change in the rotation, the new axial positions can be estimated. This method, however, may need calibration before each use to reset to a relative reading of 0°before adding the relative changes. The gyroscope itself cannot measure the position; however, it can detect the angular changes and then help to derive the new position by integrating the angular velocity signal from the gyroscope. This introduces drift, however, into the estimate. 27 The positions derived from the gyroscope remain relative not to the steering wheel, for instance, but to the location where the rotor first started to spin. Knowledge of the gyroscope's original orientation, which an accelerometer can provide, is necessary to gain any benefit from knowing the rate of change relative to that original position. Accelerometers can also measure the rate of angular change by dividing the angular change in tilt by the change in time or, more generally, by taking the derivative of the accelerometer's angular readings. At the same time, the accelerometer is always calibrated towards the gravity vector g. For the purposes of this method, an accelerometer performs all the measurements necessary. For the proposed method of SWM monitoring, A z does not represent rotation in the x-y plane. However, A z is still very useful for the detection of the inclination angle a and the gradient of climb or descent.
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The measured scale value or value of the acceleration A was the projection of the gravity vector g resolved along the sensing axis ''X''. u was the angle from the horizontal axis (which was perpendicular to the gravity vector) to the axis of measurement, as shown in Figure  7 . Since the Acceleration vector A shown in figure 7 pertained to the case of a single axis accelerometer, it was true that the component A x = |A|, since A x was the sole component in that case.
Using this knowledge, it was possible to calculate the acceleration component A x according to
The tilt voltage was proportional to the acceleration A x as well as to the sensitivity of the accelerometer. Here, the sensitivity of accelerometer was the tilt voltage Vtilt per unit gravity g at the tilt angle of 90. The sensitivity S along this measured axis can be expressed as All the tilt angles measured by the accelerometer were relative to its V out value at 0°, also known as the zero g bias level. This bias voltage V bias is a feature of the accelerometer.
The output voltage of the accelerometer for any measured angle is the bias level plus an additional voltage V tilt caused by the tilt, according to
The tilt voltage was proportional to the acceleration A as well as to the sensitivity of the accelerometer. Here, the sensitivity of accelerometer was the tilt voltage V tilt per unit gravity g at the tilt angle of 90°. The sensitivity S can be expressed as
Applying equation (2), we obtain
Substituting equation (5) into equation (3) gives
From substitution of equation (3) into equation (4), we find that
When using an accelerometer to estimate the tilt angle, the angle (measurement) sensitivity, which was the change in the output voltage with respect to the change in the angle, decreased as the measured angle approached 90°. To improve the angle sensitivity it was necessary to use more than one axis.
In addition, because of identical g values at (0 + 180n)°(0°, 180°, and 360°), the angle readings were the same at these points. This was another reason that it was necessary to use more than one axis.
Dual-axis measurements eliminated the single-axis problem of lowered angle sensitivity at (90 + 180n)°. In the vertically aligned accelerometers, as the X axis approached its lowest region of angle sensitivity, the Y axis was just approaching its region of highest angle sensitivity. The combination of two known positions also helped us to avoid confusion every (0 + 180n)°. Then, the tilt angle can be determined from
When a fixed direction was assigned to the steering wheel as a reference for a rotation angle of 0°such as the vertical upward direction shown in Figure 2(a) , the reading angle from the steering wheel was the same as the tilt angle indicated by the accelerometer (Figure 2(b) ).
The accelerometer's axial vectors constitute a unit
axis is parallel to g and in the same direction as g (i.e. a = 90°), A x ; A y ; A z À Á = (0, 1, 0). For all other inclination angles a, the values of A x and A y both approached, but never reached, 1g during inclined testing. Taking the arctangent of the ratio A x /A y effectively 'normalized' the readings into the x-y plane. Even though the acceleration readings were proportionally smaller than with a vertically mounted accelerometer, the estimated u were exactly the same despite any tilt of the steering wheel. 
